GENERAL INSTRUCTIONS

Magnetic eddy-current coupling
Magnetic eddy-current couplings have been used in various industrial equipment such as large-scale blowers and pumps, strengths of which include soft starting, efficiency increasing, energy saving and vibration damping. Different from ordinary mechanical couplings, magnetic eddy-current couplings can deliver energy by magnetic field rather than directly mechanical connections, which needs lower standard of orientation accuracy than that in coupling connections. Magnetic eddy-current couplings can not only work as an elastic coupling, but also achieve stepless speed variations by transforming magnetic intensity of couplings [1] - [3] .
Modeling method
Nowadays, the electromagnetic field is mainly studied by two methods: three-dimension finiteelement method and magnetic equivalent circuit method. Though the former is accurate, its complexity of calculation is time-consuming. As a result, it's not conductive in early designs or optimized designs. The latter one is a numerical method with accuracy as well as time saving and used for analyzing dynamic simulation of electromagnetic field [4] - [10] .
Magnetic eddy-current couplings have two structure types: barred-type and disc-type. Magnets of barred-type magnetic eddy-current couplings are distributed along the radial direction, magnetic field of which only needs to be analyzed and calculated in two dimensions [11] - [14] . But magnets of disc-type magnetic eddy-current couplings are distributed just along the axial direction, magnetic field of which is a three-dimension model. In these two cases, not only magnetic leakage but solution of dynamic magnetic field is different, which leads to a more complex three-dimension magnetic model. In general, the MEC has been simplified in order for more convenient solutions, which makes an error between calculative results and actual results [15] - [16] .
STRUCTURE AND WORKING PRINCIPLES
Simplify structure
A disc-type permanent magnet eddy-current coupling consists of two parts, the permanent magnet rotor and the induction rotor as the Figure 1a shows. The Figure 1b shows the permanent magnet rotor connected to the drive shaft. This kind of magnets is with rare earth and distributed uniformly on yoke iron plate. While connected with the driven shaft, induction rotor is made up of copper plate and yoke iron plate. ABSTRACT: Nowadays, magnetic eddy-current couplings have been widely used in medium and high power electric motors. During the development of initial or optimum design of magnetic eddy-current couplings, it has been more and more essential to build a model with accurate and time-saving features the magnetic equivalent circuit method (MEC) has been used in this paper to build the static magnetic circuit model while the Ampere theorem has been applied to develop the dynamic magnetic model. Finally, analytical expressions of coupling torque are obtained and validity of the novel model has been verified by three-dimension finiteelement simulation. 
A Novel Model of Magnetic Eddy-current Coupling Based on the Magnetic Equivalent Circuit Method
Working principles
When permanent magnet rotor starts rotating, there is high speed difference between two rotors. Therefore, an alternating magnetic field can be produced in the air gap and induction current can be produced in the copper plate. According to the Lenz's Law, the induction magnetic field produced by induction current will oppose the original field, which makes the induction rotor follows the permanent magnet rotor in phase. Finally, two rotors will work stably at a certain speed difference, so as to realize the non-contact transmission of energy.
MATHEMATIC MODEL
Static MEC model
Make following assumptions when using the equivalent magnetic circuit method:
1) The permanent magnetic rotor is magnetized uniformly in axial direction;
2) The air-gap magnetic field is discussed ignoring the magnetization by rotor yoke iron.
Unfold the disc-type magnetic eddy-current coupling along the circumferential direction. A basic structure unit of the magnetic eddy-current coupling has been shown in Figure 2a , whose cycling number is the number of permanent magnets on the yoke iron plate. Thus the angle of this unit in the entire circumference will be:
Where  is the number of magnet pole pairs. Besides, ignoring the magnetic flux into the air, the main magnetic circuit of magnetic eddy-current coupling has also been expressed in Figure 2a as the dotted line. With MEC, these circuits can be described in Figure 2b . The permanent magnet is equivalent to the voltage source and the magnetic potential and expression of the permanent magnet reluctance are as follows:
Where c H is the coercive force of magnet; 0  is the air permeability; 
α is the angle of magnet from the circumferential direction as follows:
Where m is the number of pole pairs; n is duty ratio.
When calculating the reluctance of air gap, due to the relative permeability of copper is near to 1, it can be regarded as that the air gap and copper form the effective scope of air-gap magnetic field together. Thus the reluctance of the effective air gap can be calculated from the following equation:
The corresponding permeance of the yoke iron can be found as follows:
Where f  is the relative permeability of yoke iron.
(a) The magnetic leakage between two adjacent magnets (b) The magnetic leakage of magnet-to-iron Figure 3a shows the leakage between two adjacent magnets from the circumferential direction. A flux emanates from the surface of a permanent magnet and ends at the surface of an adjacent one through the air gap. In order to facilitate calculation, the leakage magnetic circuit can be regarded as a straight line and two 1/4 circular arcs. The leakage permeance between two adjacent permanent magnets is as follows:
The magnet-to-iron leakage permeance consists three parts: flux leakage of the circumferential edge, flux leakage of the inside circumferential edge and flux leakage of the outside circumferential edge. According to the Figure 3b 
Thus the magnetic flux density generated by permanent magnet can be calculated as follows: The magnetic field in the air gap is superimposed by static magnetic field and induced magnetic field together, which is defined as:
When there is a speed difference between driving shaft and driven shaft, eddy current can be produced on the surface of copper plate under the action of changing magnetic field. Figure 4a shows an eddycurrent ring and the eddy current in the radial direction will generate an induced magnetic field in the circumferential direction, which is shown as in Figure 4b . According to Faraday's Law, the induced current density in the radial direction can be applied as follows:
Where  is the conductivity of copper;  is the relative angular speed.
Based on the Ampere's Law, the reaction field can be depicted as integrating along the path shown in Figure 4b and ignore the induced flux through the copper plate and yoke iron. 
The magnetic permeability of yoke iron is much greater than the air permeability, so the corresponding flux density in the yoke iron can be neglected when calculating the former equation. Substitution of (16) into (17) and expression of radius r into the average radius, yield
Where k is calculated as follows:
The differential equation is obtained by differentiate (17). 
The total current is equal in the intervals 
Calculation of transmission torque
Once current density distribution within the CS is calculated, the associated ohmic loss can easily be determined as follow:
The transmission torque can be determined as follows: Figure 5 shows the vector diagram of magnetic flux density from the axial direction. The main magnetic circuits emit from the north poles and flow to the south poles through the yoke iron and air gap. There are also a few leakage fluxes along the margin of magnet. Additionally, vertex field is shown in Figure 6 . Without a speed difference, analyzing result of magnetic flux density in air gap is shown with dashed line in Figure 7 while the simulation results with solid line. In situation of dynamic magnetic field, the results of simulation and analyzing model are compared in Figure 8 . With different rotate speed, the results of finite element and analyzing calculation are shown in Figure 9 . They are approximately identical, which can explain the accuracy of the mathematic model. In the meantime, as shown in the figure, torque increases as the increase of speed difference within some limits. When the speed difference reaches a certain value, the induced magnetic flux density will increase correspondingly and its ability of weakening magnetic field will be stronger so as to lower the transmission torque. 
CONCLUSION
In this paper, with detailed discussions about disctype magnetic eddy-current couplings, the equivalent magnetic circuit model is established and coupling torque analytical expressions are obtained. With three-dimension finite element simulation, accuracy levels of the equivalent magnetic circuit model and transmission torque are verified. In static magnetic field, magnetic flux density is discussed separately in magnets area and in area between magnets. The field in magnets area is treated as a uniform magnetization field, so the analyzing result in Figure  7 is step-type solution. The dynamic results have little error. With speed difference increasing, magnetic fields tend to be more complex and its distribution will be influenced by more factors, such as heat issues of copper plate, magnetization issues of yoke iron and so on. Thus, with lower speed difference, analyzing result could match the simulation result while there are errors with high speed difference.
